Running head: Leucetta prolifera, a calcarean cyanosponge
INTRODUCTION
While many demosponges are known to harbour photosymbionts of various origins (e.g. Schönberg & Loh, 2005; Díaz et al., 2007; Lemloh et al., 2009; Thacker & Freeman, 2012) , many calcareous sponges do not appear to be photosynthetic, frequently having pale colours such as yellow or white (e.g. Rossi et al., 2011) , implying they may lack this type of symbiont. There is minimal information on any calcarean symbionts, and what is available is usually restricted to reporting their presence (Thacker & Freeman, 2012) , and suggesting the photosymbioses are almost exclusively with cyanobacteria. For example, macrolides of cyanobacterial origin were isolated from New Caledonian specimens of Leucascandra caveolata Borojevic & Klautau, 2000 (d'Ambrosio et al., 1999 Kartika, 2008) , although there was uncertainty whether these were present in the living sponge or associated with dead parts of the sampled material. Endocytobiotic, unicellular cyanobacteria were described from Sycon sp. from the Mediterranean (Feldmann, 1933; Wilkinson, 1980; Díaz et al., 2007) . Burlando et al. (1988, as Clathrina) observed gram-negative bacteria in Borojevia cerebrum (Haeckel, 1872) , and Wilkinson (1980) and Díaz et al. (2007) Duclaux (1977) . In the southern hemisphere, Díaz et al. (2007) listed a Leucetta sp. from Papua New Guinea as a possible cyanosponge. Pericharax heterorhaphis Poléjaeff, 1883, from the Australian Great Barrier Reef has been reported to contain cyanobacteria distributed in a superficial layer in the sponge, yielding low concentrations of chlorophyll and low rates of carbon fixation (Wilkinson, 1982 (Wilkinson, , 1983 . This species appears to depend on supplies from the symbionts and has a distribution restricted to shallow water (Wilkinson, 1978a (Wilkinson, , 1978b (Wilkinson, , 1980 Díaz et al., 2007) . It can distinguish between symbiont and non-symbiont bacteria digesting only the latter (Wilkinson et al., 1984) . In south-western Australia two calcarean sponges produced fluorescence when scanned with pulse-amplitude modulated fluorometry (Lemloh et al., 2009) , with the symbiont identified as Synechococcus sp.
Apart from the study in south-western Australia (Lemloh et al., 2009 ) all of the incidences of light requiring symbionts in Calcarea have been reported from tropical regions, largely in the northern hemisphere. Moreover, all of the symbionts in Calcarea were found to be cyanobacteria, except for Clathrina sp. from Puerto Rico, which was reported to contain diatoms as a response to a bleaching episode (Pleurosigma sp.; Vicente, 1990 ).
Here we provide an account of Leucetta prolifera (Carter, 1878) from south-western Australia, a dark olive-green sponge, a colour which suggests it may be photosynthetic by association with microbial symbionts. As information about phototrophic Calcarea is very limited to date, in particular about species from Western Australia, we analysed this sponge for pigments, and used molecular taxonomy to identify its putative photosymbionts. We also analysed the membrane fatty acid composition based on the phospholipid derived fatty acids in order to investigate carbon transfer between the symbionts and the sponge.
L. prolifera was first described from Fremantle by Carter (1878) and had not been recorded in the literature until recently (Fromont et al., 2013) . It is a common local species in south- Fromont et al., 2013) .
MATERIALS AND METHODS

Sample collection
Three specimens of Leucetta prolifera were collected from Three Mile Reef (31° 46' 32.16" S, 115° 40' 29.9994" E) in Marmion Marine Park north of Perth at 10 m depth by SCUBA.
Sponges were placed in clip seal plastic bags underwater. At the sea surface seawater was poured off, and samples were rinsed with 0.2 µm autoclaved seawater to remove loosely associated microbes. Samples were divided in two, and one subsample was prepared for fatty acid analysis by rinsing with autoclaved and 0.2 µm filtered MilliQ water, then being wrapped in aluminium foil. The other subsample was kept in the original clip seal plastic bag and later used for pulse-amplitude modulated fluorometry, chlorophyll extraction and DNA analysis. Subsamples were kept on ice in the dark. On return to the laboratory (approximately 6 hours later) they were frozen at -80°C until further analysis.
Pulse-amplitude modulated fluorometry and chlorophyll extraction
Frozen subsamples of each specimen were screened with pulse-amplitude modulated fluorometry in a maxi iPAM (Walz, Iffeltrich, Germany) at default settings to rapidly confirm whether they were photosynthetic. Pigment extractions were then performed following the protocol of Wellburn (1994) . During these tasks all material was handled with gloves and all weights were obtained in triplicate at room temperature (20°C), using a desiccator to cool tubes and samples after drying for 24h at 80°C. For chlorophyll extraction the samples of sponge tissue were fully defrosted to reach room temperature, then further subsamples of ca. 1 x 1 x 0.5 cm were taken to represent parts with more colour than others that were pale (Appendix 1). Tissue was immediately placed into pre-dried and pre-weighed 15 mL falcon tubes and weighed on analytical scales (Shimadzu AUW 220D, VWR International, Murrarie, Australia; accuracy to 0.00001 g) to obtain sample wet weight (WW). Depending on the size of the subsamples, tissue was then immersed in 2-4 mL of laboratory grade methanol for 2h in darkness at 20°C, shaking the solution at the beginning and end of the extraction period. After 2h, turbidity in the extraction solutions was removed by 5 min centrifugation at 300 rpm (Eppendorf 5810R centrifuge, VWR International, Murrarie, Australia). Using micropipettes, aliquots of solutions were taken from the falcon tubes and diluted depending on the strength of the colouration.
Transmission properties of the solutions were measured across 450 to 700 nm in triplicate in disposable cuvettes against clean methanol in a UV 1800 Shimadzu spectrophotometer (VWR International, Murrarie, Australia; 1 cm bandwidth). Cuvettes were closed with parafilm to reduce rapid methanol evaporation possibly causing sample bias or risk of inhalation. If necessary, solutions were further diluted with methanol, always taking note of volumes used. After determining that measurements were successful, cuvettes and remaining solutions were decanted for evaporation, without loss of bottom sediment. Open falcon tubes, paired with each respective lid, were left to evaporate, and then dried 24h at 80°C, closed, allowed to cool and weighed to obtain the dry weight after extraction (DW, dry weight minus pigments in solution). The dry weight is considered to be the more accurate reference than wet weight. This process was repeated with a second set of the remaining material, duplicating the process.
Pigment concentrations for chlorophyll a and b and for carotenoids were quantified according to Wellburn (1994) 
Genomic DNA extraction
Approximately 0.5 g of each of the three specimens was extracted for genomic DNA using the ammonium acetate bead beating method as described by Peterson et al. (2004) et al., 2007) , unique sequences identified and operational taxonomic units (OTUs) (97% similarity) were defined. Chimeric artefacts were also removed using UCHIME (Edgar et al., 2011) . Any sequences that were classified as mitochondria or eukaryotic as well as any sequences of unknown origin were filtered out of the dataset. Final OTUs were taxonomically classified using BLASTn against a curated database derived from greengenes, RDPII and NCBI (www.ncbi.nlm.nih.gov; DeSantis et al., 2006; Wang et al., 2007) . Validity for the identification of photosynthetic microbial taxa was confirmed in Guiry & Guiry (2014) . The MiSeq dataset was deposited in the NCBI Sequence
Read Archive (SRA) database with the accession number SRR1802581.
Phylogenetic analysis
All sequences were further analysed by comparison with the sponge ARB database (Ludwig et al., 2004; Simister et al., 2012) which contains over 7500 16S rDNA sequences obtained from sponges. Prior to importing into ARB, sequences were aligned using the SINA sequence et al., 2012) . Alignments were manually corrected within the ARB environment, and phylogenetic analyses were done using 880 unambiguously aligned nucleotide positions. Neighbour joining, maximum likelihood and maximum parsimony methods were performed, and bootstrap proportions from 1000 resamplings were calculated using the maximum likelihood/rapid bootstrapping tool within the CIPRES science gateway (http://www.phylo.org/sub_sections/portal/) and viewed using the interactive tree of life (http://itol.embl.de) (Letunic & Bork, 2006 , 2011 .
Analysis of phospholipid derived fatty acids (PLFAs)
PLFAs were extracted from 1.9 g of lyophilized, defrosted sponge tissue by the Bligh-Dyer method (modified; Bligh & Dyer, 1959; Lengger et al., 2012) , which, different from methods using only organic solvent, allows extraction of polar lipids by using phosphate buffer and organic solvents in miscible amounts. For this, 15 mL of a mix of methanol/dichloromethane were added to the ground tissue (DCM/phosphate buffer 100 mM, pH 7.4, 2:1:0.8), ultrasonicated for 15 min and centrifuged at 2000 rpm for 3 min. The supernatant was collected, two more extractions were performed and the supernatants united. The solvent ratio was adjusted to methanol/DCM/phosphate buffer (100 mM, pH 7.4) 1:1:0.9 in order to separate the mixture into an aqueous and a DCM phase, with the DCM phase containing the lipids. The DCM phase was collected, and the liquid/liquid extraction on the methanol/phosphate buffer phase was conducted twice more. The combined DCM phases were reduced by rotary evaporation, filtered over cotton wool in DCM/methanol 9:1 and dried under a stream of nitrogen. The phospholipids (PL) were separated from other lipids by gravity column chromatography on 0.8 g of activated (130°C) 60 mesh silica (Guckert et al., 1985; Heinzelmann et al., 2014) . Elution was performed with 4 mL of DCM, 4 mL of acetone and 10 mL of methanol (containing the PL). This fraction was blow-dried under a gentle nitrogen purge and saponified in order to release the fatty acids bound to the glycerol
in methanolic KOH (2N) for 2h at 80°C under reflux. 2 mL of MilliQ water were added, the pH adjusted to 3, and the PLFA derived fatty acids were extracted from the aqueous phase with hexane, followed by DCM (three times). Fatty acids were methylated for 20 min in 2 mL 30% BF 3 -methanol at 70°C. The reaction was stopped by adding 1 mL of MilliQ water.
The fatty acid methylesters were extracted from the methanol/water phase three times with 2 mL of hexane and diluted to an approximate concentration of 1 mg/mL for gas chromatography-mass spectrometry (GC-MS), 100 (δ 2 H) and 10 mg/mL (δ 13 C) for GC coupled to isotope ratio mass spectrometry (GC-IRMS).
Phospholid-derived fatty acid methyl esters (PLFAME) were identified by GC-MS on a
Hewlett Packard 6890 gas chromatograph (Palo Alto, CA, USA) equipped with a 6890
autosampler and a splitless injector, interfaced to a Hewlett Packard 5973 mass selective detector (Palo Alto, CA, USA). The gas chromatograph was fitted with a 60 m long DB5-MS column with 0.25 µm film thickness (J&W Scientific, Folsom, CA, USA). Helium was used as a carrier gas at a constant flow rate of 1.1 mL min -1 . One ߤL sample injections were added and heated to 320℃, with the oven temperature being raised from 40 to 320°C at a rate of 3°C min -1 . The transfer line was maintained at 290°C with mass selector operating with a solvent delay of 3 minutes in full scan mode for a mass range of 50 to 500 Daltons and held isothermally at 320℃ (15 mins). Quantification was achieved by GC coupled to flame ionisation detection (FID) on a Hewlett Packard 6890 gas chromatograph fitted with FID detection under the same chromatographic conditions as GC-MS (with exception of the He flow which was increased to 1.8 mL/min PLFA analysis isolates the phospholipids and other intact polar lipids (Heinzelmann et al., 2014) , and provides the lipid profile of the lipids present in active, live cell membranes only.
Symbionts and sponge tissue, in this case, were not separated before extraction, thus the lipid profile represents a mixture of these organisms.
RESULTS
Photopigments
Leucetta prolifera was associated with photosynthetic symbionts. Frozen sponge tissue generated weak fluorescence when checked with pulse-amplitude modulated fluorometry.
Methanol extractions and photometry resulted in curves typical for photosynthetic organisms, with clear peaks at 666 nm for chlorophyll a (chl; Figure 1 Olive-green colour in life, a pink aqueous solution from the samples and a light green solution and light pink tissue and sediment at the end of the methanol extraction (Appendix 1) suggested an association with cyanobacteria, and the samples were further subjected to molecular analysis of the symbionts.
Molecular analysis of the microbial community
A total of 102,229 high quality sequences (>300bp, median length 521bp) were obtained from the three sponge specimens, with an average of 34,076 ±7,854 sequences per sample. L. prolifera contained representatives from 25 different bacteria phyla, with 61.5% (±7.6%) of sequences belonging to the Proteobacteria, 17.5% (±3.5%) to the Bacteroides, 16.7% (± 9.1%) belonging to the Cyanobacteria and 1.5% (± 1.5%) to the Actinobacteria. All other phyla contributed with less than 1% to the total sequences (Figure 2 Table 2 ).
Phospholipid derived fatty acids and their isotopic values
The main fatty acids in the L. prolifera sample making up the PLFA fraction were identified 
DISCUSSION
Identification of the photosymbiont
In the present study we confirmed by pigment, molecular and isotopic analyses that Leucetta prolifera is associated with photosynthetic cyanobacteria. It appears that photosymbiosis is more common and symbiont diversity is higher in demosponges than in calcareous sponges (Díaz, 1999; Díaz et al., 2007; Thacker & Freeman, 2012) . Apart from Vincente's (1990) account of diatoms in Clathrina sp., all other records on photosymbionts in Calcarea are of cyanobacteria (see dot points below). Occurrence of diatoms in sponge tissue is common, but may represent parasitism rather than mutualism, or a supplement to the sponge diets during times of stress or limitation (Vicente, 1990; Bavestrello et al., 2000; Cerrano et al., 2000 Cerrano et al., , 2004 Cárdenas & Rapp, 2013) .
Díaz ( Hentschel et al., 2006; Usher, 2008; Zhu et al., 2008; Caroppo et al., 2012) . Presently, with reports of cyanobacterial metabolites in a jenkinid sponge (d'Ambrosio et al., 1999; Kartika, 2008) , this number of 3 families in the Calcarea with cyanosponges can be extended to 4 for sponges identified at minimum to genus: Wilkinson, 1978a Wilkinson, , 1978b Wilkinson, , 1980 Wilkinson, , 1982 Wilkinson, , 1983 Wilkinson et al., 1984) • Jenkinidae (Leucascandra caveolata; d' Ambrosio et al., 1999; Kartika, 2008) Photosynthetic activity in L. prolifera L. prolifera occurs in full light or shaded positions on shallow, exposed rocky temperate reefs. It is common beneath macroalgal canopies, and is incompressible and brittle with a growth form of low vertical ridges with apical oscules (Fromont, pers. obs.). The presence of photosymbionts in this sponge may aid its ability to coexist with macroalgae, and its very resistant low growth form may protect it from wave surge and macroalgal movement on exposed reefs. Western Australia is renowned for high biomass, high productivity temperate shallow benthic ecosystems, yet is bathed in the relatively low nutrient, southward flowing Leeuwin Current (Fromont et al., 2013 µg/g DW for chl b, and 1.91 µg/g WW or 8.12 µg/g DW for carotenoids, or 0.01, <0.01 and 0.01% of the DW respectively, and the respective transmission spectrum had a very low but discernible peak at 666 nm, suggesting remnant presence of chl a (Figure 1 ). Because the green sheen was uniform, the sponge may have been bleached rather than the results being due to contamination, e.g. through algal material held in choanocyte chambers. (2012) suggested that where sponges receive nutrients from symbiotic associations, the symbionts have significant control over invading a host, and preventing host digestion.
Possible transfer of photosynthate as determined by stable isotope analysis of PLFAs
The lipid profile generated from L. prolifera was in close agreement with other profiles from Calcarea, and specifically Leucetta species (Schreiber et al., 2006) . Different classes of fatty acids can be specific to the organisms in which they occur. The terminally branched methyl fatty acids (iso and anteiso) found in our specimens are unusual in eukaryotes, and are generally considered to be of bacterial provenance. However, they appear to be absent from the often sponge associated α-proteobacteria (Kaneda, 1991; Pape, 2004; Schreiber et al., 2006; Grice et al., 2008) , are only present in trace amounts in cyanobacteria (Cohen & Vonshak, 1991) and can thus be considered to be sponge-specific. This was confirmed by Schreiber et al. (2006) , who found iso and anteiso fatty acids in segments of sponge tissue without symbionts (in particular i-C17:0 and a-C19:0 fatty acids). C16:0, C16:1, C18:0 acids, which occurred in large amounts, are rather unspecific. However, cyanobacteria such as the confirmed symbiont in L. prolifera are known to produce these (as well as other very common fatty acids with various double bonds, Cohen & Vonshak, 1991) . In addition, some of these major fatty acid constituents could also stem from proteobacteria, a large and diverse bacterial group with members capable of autotrophy, and confirmed to be present in L.
prolifera by sequencing (Figure 2) . C16:0, C16:1 and C18:0 fatty acids are thus likely to represent a mixture of sponge and symbiont material.
Stable carbon isotopic composition (δ 13 C) of fatty acids has previously been used to investigate food webs and symbioses as it is linked to biosynthetic pathways and to the 1998 and references therein), in a symbiosis where carbohydrates are expected to be transferred, such as here, the fatty acids in the host are isotopically heavier than the ones of the carbon-translocating cyanobacteria (van der Meer et al., 2003) . This is due to differences in biosynthetic pathways, where carbohydrates are usually isotopically up to 15‰ heavier than fatty acids (van Dongen et al., 2002) . This suggests that, while C16:0 and C16:1 may largely consist of autotrophically produced fatty acids, C18:0 most likely represents a mixture of the same compound produced by the sponge and by the cyanobacteria, and suggests that the sponge receives carbohydrates from its symbionts.
Transfer of organic compounds from the cyanobacteria to L. prolifera could only be partially confirmed by the hydrogen isotopic composition of fatty acids (δ 2 H). It is highly influenced by the energy source of the producing organism (NADPH pathways), but has previously been shown to exhibit large variability between compounds even within one organism (Zhang et al., 2009; Osburn et al., 2011) . In general, photoautotrophs exhibit fatty acids more depleted in hydrogen (-150 to -250‰), while heterotrophic growth produces comparatively 2 H- prolifera uses carbohydrates produced photosynthetically by its cyanobacterial symbiont and that the TMTD present as a membrane lipid in this and other sponges is a chlorophyll degradation product, derived from ingested phytoplankton or the symbiont.
This study of L. prolifera provides new insights into temperate water sponge-symbiont relationships, when most such data are available from the tropics. To date and for calcarean sponges, Wilkinson's classic studies on sponge-microbial associations provide the only data on functional aspects of these photosymbioses (Wilkinson, 1978a (Wilkinson, , 1978b (Wilkinson, , 1982 Wilkinson et al., 1984) . This highlights how understudied Calcarea species are in this regard in comparison to demosponges, an imbalance that needs to be addressed for species that are locally as common as L. prolifera. . 16S rRNA phylogeny of sequences that fell within the phylum Cyanobacteria and neighbouring chloroplasts. Sequences were aligned with selected sequences from the Cyanobacteria tree from the sponge ARB database (Simister et al., 2012) . The tree shown is a maximum likelihood tree based on long sequences (>1000 bp); shorter sequences were added using the parsimony interactive tool in ARB and are indicated with a dashed line, following Simister et al., (2012) . Bootstrap values were calculated using the CIPRES science gateway (http://www.phylo. 
